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Abstract: The transfer mechanisms, calculating methods and ecological significance of nitrogen transfer be¬ 
tween legumes and non-legumes are briefly reviewed. There are three pathways of nitrogen transfer from leg¬ 
umes to neighboring non-legumes: (1) the nitrogen pass in soluble form from the donor legume root into the soil 
solution, move by diffusion or/and mass flow to the receiver root and be taken up by the latter; (2) nitrogen pass 
into the soil solution as before, be taken up and transported by mycorrhizal hyphae attached to the receiver roots; 
(3) if mycorrhizal hyphae form connections (bridges) between the two root systems, the nitrogen could pass into 
the fungus within the donor root and be transported into the receiver root without ever being in the soil solution. 
The mechanisms of nitrogen transfer between N 2 -fixing plants and non-N 2 -fixing plants are reviewed in terms of 
indirect and direct pathways. The indirect N-transfer process is related to the release of nitrogen from legumes 
(donor plants), the possible interaction of this nitrogen with soil, the decomposition and mineralization of legumes 
and turnover of nitrogen, the nitrogen absorbing and competing abilities of the legume and the non-legume (re¬ 
ceiver plant). The direct nitrogen transfer process is generally considered to be related to the nitrogen gradient 
and physiological imbalance between legumes and non-legumes, and when the donor legume lies in stressful 
stage (i.e. removal of shoots or attacked by insects), the nitrogen transfer can be improved significantly. The 
methods of determining nitrogen transfer (indirect 15 N-isotope dilution method and direct 15 N determination 
method) are evaluated, and their advantages and shortcomings are shown in this review. 
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Introduction 

Nitrogen is an element that cycles through an 
ecosystem and needs to be present at a certain- 
minimum level to sustain that system. In an interspe¬ 
cies context, the beneficial effects of N 2 -fixing plants 
in ecosystems, due to their contribution of nitrogen, 
have been observed by succeeding generations of 
agronomists, foresters, and ecologists. The in¬ 
ter-plants of N 2 -fixing plants and non-N 2 -fixing plants 
are practiced to increase total yield and reduce the 
need for fertilizers input, and it has been shown that 
part of the assimilated N in the non-N 2 -fixing plants 
originated from the legume partners in such in¬ 
ter-cropping systems (Giller et al. 1991; Haystead et 
a!. 1988; Ledgard & Steele 1992; Stern 1993; Jensen 
1996; Johansen & Jensen 1996; M firtensson et al. 
1998). Various species of legumes has been used for 
centuries in crop rotations and other kinds of in- 
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ter-planting systems such as species-mixed forest 
plantations. Theoretically, inter-planting systems 
combining N 2 -fixing plants and non-N 2 -fixing plants 
should offer certain opportunities to maintain the 
system in a positive nitrogen balance, primarily 
through the input of atmospheric nitrogen via the 
legume-rhizobia symbiosis and then this symbioti- 
cally fixed N being transformed into several forms as 
follow: (1) Some of them can be taken up and trans¬ 
ported within the legume and assimilated; (2) some 
of them can be released and lost from the legume, 
and be made available to inter-cropped plants, or 
incorporated into the soil organic matter (SOM); and 
(3) under certain circumstances, some of them may 
be transferred directly to the inter-planted 
non-N 2 -fixing plants. 

Transfer of nitrogen is the movement of nitrogen 
from a legume to another plant, either during growth 
of an interplant association with a legume component, 
or as residual nitrogen for the benefit to a succeeding 
plant. Utilization of nitrogen by the non-legume in an 
inter-planting community with legume depends on 
the amount of legume residue, the manner and rate 
of decomposition of this residue, and on what condi¬ 
tions prevail to permit transfer from the legume to the 
non-legume. Estimates of nitrogen transfer from a 
legume to a companion non-legume range between 
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25 and 155 kg • hm' 2 • a -1 (Stern 1993). 

Nitrogen transfer between N 2 -fixing plant and 
non-N 2 -fixing plant involves several processes, and 
the better understanding of these processes can fur¬ 
ther use the beneficial effects of legume in farming 
and forest ecosystems. However, up to date, the 
processes concerning nitrogen transfer are not well 
understood, even though many individual studies are 
documented in some detail. The brief review here is 
to assess the role of nitrogen transfer in in¬ 
ter-planting systems that consist of N 2 -fixing plants 
and non-N 2 -fixing plants and to summarize the ad¬ 
vances of studies on the mechanisms of nitrogen 
transfer among such systems. 

Pathways of nitrogen transfer 

The flow of nitrogen between legumes and 
non-legumes in inter-planting communities has been 
proposed to occur mainly below ground by three dif¬ 
ferent ways: 

Firstly, the N 2 -fixing plant may release nitrogen into 
the soil through decomposition and mineralization of 
litters and dead roots (Hart et al. 1997; Giardina et at. 
1995; Ineson & McTiernan 1992; Briones & Ineson, 
1996), exudation of roots (Fan 1994). This nitrogen 
may be reabsorbed by the legume entering the in¬ 
ternal nutrient cycling or taken up by non-legume 
species growing nearby (Ledgard & Steele 1992). It's 
generally considered that in inter-planted associa¬ 
tions turnover of nitrogen in roots and nodule debris 
of legume is the major source of transferable nitro¬ 
gen (Laidlaw et al. 1996). Legume rhizo-deposits 
consist of sloughed and dead root materials with high 
N concentration and root exudation that contain more 
amino-N than non-legume (Fan 1994). The continu¬ 
ous and enhanced turnover of legume roots (espe¬ 
cially fine roots) resulting in rhizo-deposits of low 
C-to-N ratio indicate that nitrogen transfer from the 
legume to a connected non-legume is most likely. 
The rapid decomposition and mineralization of litters 
of legumes may increase the concentration and 
availability of nitrogen in the soil, since most of ni¬ 
trogen nutrient in the soil can move readily for a rela¬ 
tive long distance by means of mass flow or/and dif¬ 
fusion. This increased available nitrogen may be 
transferred to the rhizosphere of non-legume in an 
inter-planting system and taken up by the 
non-legume. This is an indirect N-transfer route from 
N 2 -fixing plant to non- N 2 -fixing plant, and this proc¬ 
ess runs slowly because it is related to the 
long-termed biogeochemical process. 

Secondly, as described as before, in the course of 
decomposition, mineralization of litters, dead roots, 
nodule debris and sloughed cells of legumes, and 
because of the excretion of legume roots, which 


contains high N concentration, the content and 
availability of nitrogen of the soil are improved. In the 
inter-planting systems of N 2 -fixing plants and 
non-N 2 -fixing plants, if roots of non-legumes are in¬ 
fected by mycorrhizal fungus, the external hyphae or 
strains of mycorrhizae may uptake this nitrogen nu¬ 
trient and transport them into the neighboring 
non-legumes (receiver plants) through their particular 
nutrient translocation channels (Read et al. 1985; 
Stern 1993; Veirheilig etal. 1998; Jensen 1996; Frey 
& Schuepp 1993). This is also an indirect transfer 
pathway because the nitrogen provided by Nrfixing 
plants is transported through soil solution. 

Thirdly, in legume and non-legume communities, 
the nitrogen fixed by legumes is transferred directly 
to the non-legumes through mycorrhizal hyphal 
bridges, which commonly connect roots of Nrfixing 
plants (donor plants) and non- N 2 -fixing plants (re¬ 
ceiver plants). In such a case, nitrogen is transferred 
from legumes to non-legumes without entering the 
soil solution. A reduction in the amount of symbioti- 
cally fixed N released into the soil solution will in¬ 
crease the efficiency with which the fixed N is utilized 
(Martensson et al. 1998). Mycelial networks (or 
bridges) connecting two or more plants, belonging to 
the same or different species, have been directly 
observed in transparent observation root chambers 
(Heap & Newman 1980; Chiariello et al. 1982; Ikram 
et al. 1994). Furthermore, it has been demonstrated 
that mycorrhizal links can provide pathway for carbon 
and nitrogen transfer between plants (Finlay & Read 
1986; Arnebrant et al. 1993). Read et al. (1985) sug¬ 
gested that transfer of nutrients from established 
plants to seedlings may be a crucial factor enabling 
young plants to survive in nutrient-limited situation. 
Newman (1988) summarized several possible bene¬ 
fits of a seedling becoming connected to an already 
established mycelial network (bridge). Other experi¬ 
ments have also reported that mycorrhizal hyphae 
connecting roots of legume and non-legume mediate 
the below-ground transfer of nitrogen (e.g. Hamel & 
Smith 1991; Frey & Schuepp 1993; Jensen 1996; 
Johansen & Jensen 1996; Tomm et al. 1994; Mart¬ 
ensson etal. 1998; EK et al. 1996). 

Mechanisms of nitrogen transfer 

Although many findings have shown that nitrogen 
transfer occur between N 2 -fixing plants and non- 
N 2 -fixing plants in associated ecosystems, the 
mechanisms of N-transfer among them have not 
been clearly understood so far. 

Indirect nitrogen transfer 

For the indirect nitrogen transfer pathways (in¬ 
cluding the first and second pathways described 
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above), or say soil pool pathways, the mechanism is 
generally considered to be related to the “sink-pool” 
theory Above- and below-ground parts of N 2 -fixing 
plants contain higher nitrogen concentration and 
lower C-to-N ratio compared with non-N 2 -fixing plants. 
When litters, dead roots, sloughed cells and nodule 
debris are decomposed (earlier studies showed that 
litters and dead components of legumes may be de¬ 
cayed and mineralized rapidly because of their lower 
C-to-N ratio (e.g. Giardina et al. 1995; Briones & 
Ineson 1996), more nitrogen is released into the soil 
solution and the nitrogen input to the soil is increased 
by the legume’s N 2 -fixing process. On the other hand, 
roots of legumes may excrete N compounds into the 
rhizosphere, which contain more amino-N materials. 
The role of active excretion by legume is unclear, but 
it has been reported that the exudation of some 
amino acid is an important factor for the proliferation 
of rhizobium and also increase the size and activity 
of the microbial biomass in the rhizosphere, which in 
turn may increase the availability of other nutrients 
(Jensen 1996). Significant amounts of C and N are 
deposited in the rhizosphere of legumes during 
growth season (Whipps 1990; Fan 1994; Jensen 
1996). So, rich nitrogen pool is formed in the 
rhizosphere of N 2 -fixing plants and distinct nitrogen 
concentration gradient occurs between the root zone 
of legume and non-legume in an inter-planting sys¬ 
tem, especially under nitrogen-limited circumstances. 
The N deposited may be reabsorbed by the legume 
itself, or by an associated non-N 2 -fixing plant after it 
has been released by mineralization and transported 
into the absorbing vicinity of roots or mycelial hyphal 
networks of the latter (VA mycorrhizal hyphae are 
known to play a role in the uptake of NH/from soil 
and its translocation to the host plant (Johansen et al. 
1991)). This enable the neighboring non-N 2 -fixing 
partners to uptake more nitrogen from the soil pool 
than they absorb under conditions of sole planting. 
Particularly, when N 2 -fixing plants are inter-cropped 
with N-catch plants, for example Chicory (Cichorium 
intybus L ), which has been proved to be an efficient 
scavenger of soil N (Karlsson-Strese et al. 1996), the 
amount and efficiency of nitrogen transferred from 
the former to the latter may be significantly improved. 

However, up to date, the mechanism of indirect 
nitrogen transform has yet to be clarified. Whether 
nitrogen is transported by means of diffusion or mass 
flow is still unclear. By and large, the importance and 
quantity of legume nitrogen in the N-nutrient of an 
inter-planted community depend on: (1) the effect of 
rhizo-deposits on the minerlization-immobilization 
turnover of nitrogen in the soil, (2) the competition for 
plant-available soil nitrogen between legume and 
associated non-legume, (3) the capacity for N-uptake 
in the associated non- N 2 -fixing plant, and (4) the 


availability of other soil sources, for instance, some 
free-living organisms, i.e. the diazotrophs (eg. Azolla), 
are capable of contributing nitrogen to some ecosys¬ 
tems. Other study by Jensen (1996) showed that 
nitrogen transfer indirectly from N 2 -fixing plant to 
non- N 2 -fixing plant can also be enhanced by in¬ 
creasing the number of root contacts between the 
inter-cropped plants. 

Direct nitrogen transfer 

There have , been many studies reporting direct 
nitrogen transfer between legume and non-legume 
and much attention is paid to this question so far. 
(e.g. Heap & Newman 1980; Francis et al. 1986; 
Newman 1988; Hamel & Smith 1991; Frey & 
Schuepp 1993; Johanson & Jensen 1996; Olsson et 
al. 1998; Vierheilig et al. 1998; Laidlaw et al, 1996; 
Hamel et al. 1992; Haystead et al. 1988 ). It has 
been proved that many species of mycorthizal fun¬ 
gus may infect a wide range of host plant species 
and their external hyphae or strains can extend for 
several centimeters and form networks in the soil. 
When these external haphas or strains met roots of 
another plant species, the latter is likely to be in¬ 
fected and so mycorrhizal bridges (networks) be¬ 
tween roots of different plants are formed. 

These hyphal bridges (or networks) between roots 
of different plants have been observed by many 
workers, for example, Heap and Newman (1980), 
using the buried agar-covered microscope slides 
technique, found that mycorrhizal external hyphal 
connections existed between different roots of one 
plant species Lolium perenne L and also between 
roots of two different plant species L. perenne L and 
Plantago lanceolata L (These two species are com¬ 
monly found together in permanent pasture). Similar 
observations on other plants also show that hyphal 
connection between roots of the same and different 
plant species are possible (Read et al. 1985; Chi- 
ariello et al. 1982). If mycorrhizal connections be¬ 
tween roots of different plants occur to any large ex¬ 
tend, then it may be possible for nutrients to pass 
between the roots connected, especially, when 
N 2 -fixing plant is inter-cropped with non- N 2 -fixing 
plant in the same plot, and these two different plants 
are infected by common mycorrhizae. 

Though large numbers of studies on the structure 
and function of mycorrhizal roots have been carried 
out, relatively little attention has been given to the 
mycelial phase of the symbiosis in the soil. The main 
reason is probably that while entire mycorrhizal roots 
or even root systems can readily be extracted from 
soil with little damage, it is extremely difficult to carry 
out a non-destructive investigation of the mycelial 
systems. Advanced technology and equipment 
should be provided to solve these questions. 
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Nevertheless, the significance of the external my- 
celia for nutrition of individual plants with mycorrhizal 
has been demonstrated. For instance, the result of 
experiment by Chiariello et al. (1982) showed that 
Vesicular-Arbuscular mycorrhizae connects the root 
systems of different plant species in a serpentine 
annual grassland and probably mediate nutrient 
transfer among them. Frey and Schuepp (1993) re¬ 
ported that roots of berseem ( Trifolium alexandrinum ) 
and non-legumes (maize and apple) can be associ¬ 
ated via the haphae of VAM fungi ( Glomus intra- 
cadices ), and by using 15 N as tracer, 4.7% of the 15 N 
transferred to mycorrhizal maize was derived from 
berseem. The quantity of nitrogen transferred be¬ 
tween various associations of plant species is differ¬ 
ent and is depended on physiological properties of 
these plant species or other unknown factors. Study 
by Johansen and Jensen (1996) also showed that 
roots of pea ( Pisum sativum) and barley ( Hordeum 
Vulgare L.) can be linked by external hyphae of 
Glomus intraradices and when removing the shoots 
of pea (donor plant), 15% of the donor-root (Pea) 
nitrogen is transferred to the receiver plant (barley). 
Martensson et al. (1998) reported that, in the in¬ 
ter-crop systems combining N 2 -fixing plants (peas 
and clovers) and non-N 2 -fixing plants (genetic varie¬ 
ties of chicory, a specie of nitrogen scavenger, dem¬ 
onstrated as above), the percentage of nitrogen in 
the varieties of Chicory derived from transfer from 
neighboring intact legumes ranges between 3% and 
50%, and that by removing the shoots of legumes, 3, 
4.5, 6 months later, the percentage of nitrogen in the 
varieties of chicory derived from transfer ranges from 
15% to 18%, 46% to 77%, and 20% to 34%, respec¬ 
tively. Similar conclusions have been drawn in other 
studies (Hamel et al. 1991a, 1991b, 1992; Haystead 
etal. 1988; Jensen 1996). 

Removal or shading of donor shoots was imposed 
to force a higher transfer of nutrients to receiver 
plants. The transfer of N was particularly enhanced 
by removal of the legume donor shoots, since 
greater amount of nitrogen was lost from dying roots 
of legume and the possibilities for improving nitrogen 
transfer from N 2 -fixing plants to non-N 2 -fixing plants 
occur. Johansen and Jensen (1993) demonstrated 
that the percentage of donor-root nitrogen trans¬ 
ferred to the receiver plant (barley) ranged from no 
significant transfer, in non-my.corrhizal controls with 
living donor plants (peas), up to about 15% in the 
mycorrhizal treatments with donor-plant shoots re¬ 
moval. Experiments by Ikram et al. (1994) and by 
Giller et al. (1991) suggest that it is possible to in¬ 
crease the mycorrhizal-mediated transfer of legume 
nitrogen to non-N 2 -fixing plants through shoots re¬ 
moval and insect attack, respectively. Nitrogen 
transfer to barley from peas could also be signifi¬ 


cantly improved by harvesting the peas, which forced 
a rapid turnover of donor plant roots (Johansen & 
Jensen 1996). Up to 60% of total root nitrogen of 
Lolium perenne were lost three weeks from detached 
roots, however, when interconnected with non-leg¬ 
ume by mycorrhizal bridges, the transfer of nitrogen 
from Lolium perenne to nearby non-legume plants 
was increased highly and the loss of nitrogen from 
the dead roots of the legume reduced significantly 
(Eason 1988). 

All these findings described above support the 
hypothesis provided by Newman (1988) that, for nu¬ 
trients transfer, the role of mycorrhizal bridges be¬ 
tween living plants is likely to be smaller but it is 
greater for nutrients transferred from dead donor 
roots to living receiver plants, since during the proc¬ 
esses of donor roots' decomposition, the shoots of 
donor plants may not compete with roots for nutrients 
absorbed by mycorthizal hyphae and removal of 
shoots from the donor plants would have resulted in 
higher rate of root turnover. So, the intensity of dead 
donor roots as nutrient source/pool is improved 
greatly and this is beneficial for nutrients to be trans¬ 
ferred from the donor plant (especially legume) to the 
receiver plant (especially non-legume). Conclusively, 
the direct nitrogen transfer between legumes and 
non-legumes depends on the physiological differ¬ 
ences among them, creating a source-sink relation¬ 
ship. This physiological imbalance drives the hyphal 
transfer of nitrogen between them. 

Methods of determining nitrogen transfer 

The quantification of nitrogen-transfer from a 
N 2 -fixing plant to an inter-planted non- N 2 -fixing plant 
is rather difficult, since the amount of N transferred to 
the receiver may be small compared to the amount 
of N taken up from other sources. To estimate the 
amount of nitrogen-transfer in associations of legume 
and non-legume, it is necessary to use 15 N as a 
tracer. The 15 N isotopic technique can be used in 
either of two ways: indirect l5 N isotopic dilution 
method and direct ' 5 N determination method. 

With the indirect 15 N isotopic dilution method, the 
soil inorganic N pool is labeled with 15 N, and by 
comparing the 15 N-enrichments of the non-iegume 
grown in the inter-plant and pure stand situations an 
estimate of the transfer of N can be obtained. This 
method is based on the assumption that the same 
proportion of total N and fixed N in the donor is 
transferred (Ta & Faris 1987). This method has been 
adopted to quantify nitrogen transfer in many in¬ 
ter-plants, e.g. of pea and non-legumes (Waterer et 
al. 1994; Jensen 1996). However, it has severe limi¬ 
tations, especially under field conditions. Firstly, the 
resolution of the method is low, since the amount of 
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N transferred from the donor, being mainly 
non-labeied fixed N, is smaller compared to the 
amount of 15 N-labeled soil N taken up by the receiver 
plant. Secondly, the root depth and pattern of 
N-uptake of the receiver plant may be different in the 
inter-crop and pure stand situations, which may 
cause the ratio of unlabeled-to-labeled soil N to be 
different in the two planting situations. 

The better method to quantify the contribution of N 
from legumes to an associated non-legume is direct 
15 N-isotope determination, since any tracer, incorpo¬ 
rated in the legume and detected in the non-legume 
receiver, is conclusive evidence for transfer Donor 
legumes are labeled either by root 1S N-Iabeling (Ta et 
al. 1989), by foliar labeling (Ledgard et at. 1985; 
Giller et at. 1991), by stem labeling (Hamel & Smith, 
1991), by transplanting labeled plants into soil with 
receiver plants (Tomm et at. 1994) or by split-root 
labeling of the legume donor (Ikram et at. 1994). 
However, a problem exists by using this direct 
method, it is that the donor plant is usually not la¬ 
beled uniformly since the tracer is supplied to parts 
of the roots or the shoots. The supplied, labeled nu¬ 
trient is then retranslocated throughout the root sys¬ 
tem of the donor legume. This probably gives rise to 
concentration differences in different nitrogen pools 
of the roots, especially if the labeling period is short. 
Since the relative contribution of the uneven pools of 
labeled nutrient to the nutrient transfer is unknown, 
estimates of nitrogen transfer may be misleading. To 
resolve this problem, extending the labeling period 
and using a continuous labeling procedure may be 
useful, just as was done in study by Martensson et at. 
(1998), they found that a somewhat more uniform 
distribution of the labeled nutrient could be achieved 
by this treatment of labeling. 

Ecological significance of nitrogen transfer 

Legumes are important in mixed planting. A key 
factor is the input of nitrogen from N 2 -fixing plant by 
means of the Legume-Rhizobium symbiosis. Many 
reports have documented that non-legumes can 
benefit from nitrogen supplied by inter-planted leg¬ 
umes ( Ledgard et al. 1985; Stern 1993; Haystead et 
at. 1988; Jensen 1996; Martensson et al. 1998). This 
process is mainly realized through nitrogen transfer 
(indirect or/and direct pathways) from N 2 -fixing plant, 
and it plays an important role in stressful environ¬ 
ment such as nitrogen-limited soil especially (Frey & 
Schuepp 1993; Francisco et al. 1996). However, Ni¬ 
trogen transfer between living legumes and 
non-legumes is proved to be little significant 
(Johansen & Jensen 1996; Jensen 1996; Frey & 
Schuepp 1993), and conflicting reports on the role of 
direct nitrogen transfer between living plants exist in 


literature (Giller et al. 1991; Hamel et al. 1991a; Frey 
& Schuepp 1993). It has been shown that the 
amount of nitrogen transferred from dead donor 
legumes to living non-legume receiver plants is sig¬ 
nificant (Hamel et al. 1991b; Johansen & Jensen 
1996; Martensson et al. 1998). The major ecological 
role of nitrogen transfer in inter-planted systems may 
be to improve the uptake efficiency of root systems, 
to reduce nutrient losses from the soil-plant system, 
and to partly avoid the mobilization of nutrients by 
other components of the soil ecosystem such as mi¬ 
cro-organism. Nevertheless, so far, the role of nitro¬ 
gen transfer between N 2 -fixing plant and non- 
N 2 -fixing plant is not clearly understood and evalu¬ 
ated, and several problems exist in this research 
field. 

All in all, several processes are involved in the 
transfer of nitrogen from the legume to the neighbor¬ 
ing non-legume. These include the release of nitro¬ 
gen from the legume plant, the possible interaction of 
this nitrogen with soil, the residence time of the ni¬ 
trogen in the soil organic matter or in the soil, and 
whether it is taken up directly by the companion 
non-N 2 -fixing plant (Stern 1993). Furthermore, be¬ 
cause the field situation may be quite complex, fur¬ 
ther studies are required to be able to analysis ex¬ 
tend of nitrogen transfer in inter-planting systems, in 
different environments and under different forms of 
management, for the purpose of maximizing nitrogen 
benefits in interplant systems. 
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